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ABSTRACT 
A multistage, counter current extractor was developed for 
use with fused salt-molten metal systems. The most important 
factors considered in designing the extractor were the 
ability to create new interfacial area and to maintain high 
surface to volume ratios for the dispersed phase, other 
considerations were adequate mixing, increased retention time 
of the metal in the salt phase, ease of assembling, and 
flexibility of equipment. The extractor, a modified disk 
and doughnut type, was constructed of type 316 stainless 
steel. 
A system of fused potassium chloride-zinc chloride 
eutectic and molten bismuth, with cadmium as the transferring 
element, was used to test the equipment. Problems with 
valve seals, flow meters, and interface measurements were 
encountered. Methods of pumping the molten materials and of 
sealing the equipment were also considered. 
Final extraction runs were made to measure the stage 
efficiencies of the column. Stage efficiencies of 37 per 
cent were obtained. The results indicated that the equipment 
could operate at higher efficiencies. 
1 
INTRODUCTION 
In the development of a multistage extractor to use fused 
salts and molten metals, much of the fused salt-molten metal 
extraction process can be considered analogous to a con­
ventional liquid-liquid extraction process. In liquid-liquid 
extraction a solute is extracted from an aqueous feed stream 
by an organic solvent. In both cases the two phases are 
relatively immiscible in each other, and mass transfer of a 
solute occurs across the interface. If the phases are in 
contact for a sufficient period of time, the transfer of 
solute will continue until an equilibrium distribution of 
solute between the two phases has been established. 
A chemical reaction is the primary mechanism by which 
the solute is transferred in fused salt-molten metal extrac­
tion. The solubility of a metal solute is usually very small 
in most fused salts, unless it reacts with the fused salt. 
For example, magnesium dissolved in liquid bismuth is trans­
ferred to a molten zinc chloride salt phase as magnesium 
chloride. The solubility of magnesium metal in the salt phase 
is negligible in comparison to the amount present as the 
chloride salt. 
The operating temperatures in a fused salt-molten metal 
extractor are high to keep the system in the liquid state. 
The entire extraction system must be air tight to prevent the 
formation of oxides. High temperatures cause the corrosion 
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problem to become significant. 
The high temperatures involved and the corrosive nature 
of most metals and salts create new problems to be considered 
in the design of an extractor for a fused salt-molten metal 
system. Such a unit must be simple and dependable. Because 
of the extreme conditions under which it must operate, the 
component parts are more subject to failure than similar 
parts in an ordinary liquid-liquid contactor for aqueous 
systems at normal temperatures. 
Fused salt extraction was first investigated as a possi­
ble method of reprocessing nuclear reactor fuels. This new 
technique was an attempt to improve the methods of fuel re­
processing. In the majority of reactors used, the fuel has 
been alloyed, encased in bars or plates and placed in the 
reactor core. As the fuel is "burned" in the reactor, fission 
products are formed. Many of these fission products have 
high neutron capture cross sections, and must be removed, if 
the reactor is to operate efficiently. 
The methods used for removing the waste materials con­
sist of the following steps: removing the fuel element from 
the reactor, removing the protective encasing material, 
dissolving of the fuel, separating the useable fuel from the 
waste, converting the fuel from its form in solution to a 
solid oxide, converting the oxide to a fluoride and then to 
the metal, and finally refabricating the metal into new fuel 
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elements. This processing method is expensive, time con­
suming and requires large fuel inventories. 
Processes using fused salt-molten metal extraction are 
being investigated to decrease the number of processing steps 
and to lower the cost of reprocessing reactor fuels. A 
fused salt extraction process could possibly replace all the 
operations in the previously mentioned processing method, 
except the decladding and the fuel refabricating steps. To 
further simplify the reprocessing methods, fluid fuel reactors 
are being developed. 
One such design that has been studied is a liquid metal 
fuel reactor. Figure 1 is a schematic diagram of this 
reactor system. The fuel, uranium, is dissolved in a liquid 
metal. This solution of fuel is circulated through the core 
of the reactor where enough uranium is present to produce 
fission. Then the liquid fuel solution is pumped to the heat 
exchanger to remove the energy produced by the fission re-
action in the core. Next the fuel is processed to remove 
the waste materials created by the fission of uranium and 
finally the fuel is returned to the core. It is necessary to 
replace the uranium that has been burned in the core and thus 
uranium is usually added to the system during the processing 
step. 
Fused salt extraction is a very promising method for 
processing a liquid metal reactor fuel. The only equipment 
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Figure 1. Schematic flow diagram of a liquid metal fuel 
reactor and its primary cooling loops 
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necessary in the reactor fuel line is the contactor itself. 
The contactor in most cases would be very small in comparison 
to the rest of the reactor equipment and would not require 
much extra space or shielding. A small extractor would 
simplify the problem of designing the equipment critically 
safe. This process permits continual removal of the waste 
products and could be automatically controlled. 
Many salts and salt mixtures have been studied to deter­
mine their ability to remove waste products from reactor 
fuels. However, very few studies have been concerned with 
the development of equipment necessary to perform the extrac­
tions. Therefore, such a study was made and an extractor 
designed, constructed and tested. 
This extraction equipment, however, has further appli­
cation than just the reprocessing of reactor fuels. In al­
most every process for purifying metals, the metal is heated 
to the molten state. At this stage a fused salt extraction 
might be used to best advantage for purification. There are 
added costs of salt and energy necessary to keep the salt 
molten, but fused salt extraction would still be very com­
petitive if the process were used to make a much purer metal 
or if it eliminated several other processing steps. There­
fore, this extractor has potential application in a variety of 
fused salt extraction processes. 
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PREVIOUS WORK 
The major interest in extraction using fused salt-molten 
metal systems has been shown by the United States Atomic 
Energy Commission and its associated laboratories. Their 
investigations have been limited in general to the reproces­
sing of reactor fuels or breeder blankets to remove fission 
products. Halide salts of various metals were used in most 
of these investigations. 
Uranium, calcium, and lithium fluorides were used by 
Buyers et al. (19) to separate plutonium from uranium. They 
found that 34 to 39 per cent of the plutonium could be ex­
tracted from a uranium-plutonium melt in a single batch-type 
contact. The time interval for these experiments varied from 
10 to 60 minutes. Motta et al. (31) used thorium tetra-
fluoride and calcium chloride to remove fission product ele­
ments from thorium. Both salts removed varying amounts of 
the elements that were present. They ranged from practically 
no removal of some elements to as high as 90 per cent removal 
of other elements over a two hour period. However, calcium 
chloride was the better extractant in most cases. 
During a conference on high temperature fuel reprocessing 
held at the Ames Laboratory (23), Niedrach and Crandall gave 
brief résumés of investigations which they and their co-work-
ers had made. Calcium chloride was used as a salt phase with 
uranium fuels in experimental work performed by Niedrach. 
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Studies were made of the distribution of fission products in 
this system and some work was done with other alkali metal 
chlorides and fluorides. In Crandall's work, uranium 
trichloride salt was used as the extractant for purifying 
materials from a fast breeder reactor. Uranium trichloride 
was used, since it can be recovered easily by conversion to 
the volatile tetrachloride. 
One of the most intensive programs in fused salt research 
for reactor fuel reprocessing is being carried out by the 
Brookhaven National Laboratory (1, 3-18, 20, 32-34, 36). Most 
of the reactor development at Brookhaven has been concerned 
with the Liquid Metal Fuel Reactor (LMFR). The reactor con­
tains uranium fuel dissolved in molten bismuth. Therefore, 
the problem was to develop a reprocessing method that would be 
continuous and would allow the molten metal fuel to stay in 
the reactor system while being reprocessed. The problem was 
investigated both theoretically and experimentally. 
Decomposition potentials were measured for the chlorides 
of a number of metals, found as fission products in reactor 
fuels. With these potentials and the relationship, 
AF° = -nfE0 
where AF° = free energy of formation in calories per gram 
mole 
n = number of electrons transferred per molecule 
f = Faraday's constant: 23066 calories per volt 
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per Avogadro's number of electrons transferred 
E = Standard dissociation potential in volts 
free energies of formation were calculated for the various 
metal chlorides found in proposed extraction systems. After 
the free energies of formation wore calculated, equilibrium 
constants were obtained from the relationship, 
AF° = -RT InK 
where R = ideal gas law constant in calories per gram 
mole per degree K. 
T = absolute temperature in degrees K. 
K = equilibrium constant 
for the reactions that could take place in the systems. 
Finally concentrations for the reactions of the form, 
aA + bB cC + dD 
were calculated with the equation, 
v _ [c]° [D]d 
i\ — I • 
[A]3 [B]b 
where [A], [B], [C] and [D] = concentrations of the re-
actants and products. 
Although activities were used for [A], [B], [C], and [D] in 
some calculations, generally concentrations were used as good 
approximations. From these calculations the expected degree 
of extraction of the fission products was predicted for 
various salts. Graphs in Figure 2 show separation factors as 
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Figure 2. Calculated separation factors of rare earths be­
tween a bismuth metal phase and potassium chloride-
lithium chloride fused salt phase 
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a function of the free energy of formation at various temper­
atures (1). These data are for rare earth fission products 
removed from a bismuth metal phase by a lithium-potassium 
chloride fused salt. The separation factor for elements A and 
B is defined as the ratio of the concentration of A in the 
salt divided by A in the metal to B in the salt divided by B 
in the metal. 
After a number of salt systems were screened by the cal­
culation method outlined above, the most promising systems 
were used in experiments to find the best extracting salt 
phase. Table 1 lists the systems tested. The bismuth-uranium 
Table 1. Systems studied at Brookhaven National Laboratory 
for fused salt-molten metal extraction processes 
Salt phase Metal phase 
LiCl-KCL Bi-U 
LiCl-KCL-BaCl2 Bi-U 
MgCl2-KCL-NaCl Bi-U 
alloy contained fission product elements. Extraction runs 
made at 450 °C. showed that the fission products transferred 
from the metal to salt phase. 
Loops were constructed in which a molten metal phase con­
taining radioactive fission products were circulated and con­
tacted with molten salt. After a few hours the activity of 
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the metal phase had decreased to the background level. Through 
an oxidation mechanism some of the uranium was removed from 
the metal phase and deposited at the metal salt interface. 
This was partially eliminated by the addition of magnesium to 
the metal phase. The two distribution curves in Figure 3 were 
obtained from these experiments (1). One curve is for a sys­
tem containing only bismuth and fission products in the metal 
phase. The other system contained bismuth and fission prod­
ucts plus uranium. 
In the previously mentioned experiments the extractions 
were performed in batch-type equipment. Since the solute was 
transferred across stagnant interfaces the rate of transfer 
was controlled by the diffusion rate of the solute in the two 
phases. Experiments conducted at the Ames Laboratory (24, 25) 
tested the effect of time, temperature, agitation and equip­
ment size on extraction. These results indicated that the 
rate of extraction was relatively independent of equipment 
size but was slightly temperature dependent. Agitation, which 
had increased interfacial area and created good mixing, in­
creased the rate of transfer by about a factor of 60. 
The effect of agitation on the rate of transfer is shown 
in Figures 4a and 4b. The system used in these experiments 
was a potassium chloride-zinc chloride salt phase and a bis­
muth -magnesium metal phase. Magnesium in the metal phase was 
extracted into the salt phase. The slopes of the curves give 
1000 
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Figure 3. Distribution of rare earth fission products between a fused 
potassium chloride-lithium chloride salt phase and bismuth and 
bismuth-uranium metal phases 
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Figure 4b. Per cent magnesium transferred from a bismuth 
metal to fused potassium chloride-zinc 
chloride salt in agitated runs 
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the rates of transfer. The first portion of each curve repre­
sents extraction taking place between stagnant liquids and the 
second portion that taking place when the two liquids are 
stirred well. The change in slope of each curve at the begin­
ning of the stirred period showed that the rate of transfer 
increased 60 fold as a result of agitation. Extraction was 
always complete in less than two minutes and usually one-half 
minute was sufficient. Because good mixing and large inter-
facial area gave much higher transfer rates, this was con­
sidered an important factor in extractor design for fused salt 
molten metal systems. 
From the design specifications for the LMFR, theoretical 
equilibrium distribution data, and some experimental data, 
process flow sheets have been developed for reprocessing 
liquid metal reactor fuels. Figures 5 and 6 show two such 
flow sheets. The process in Figure 5, the "buffer process", 
uses four salt-metal contactors. The salt is initially con­
tacted with a bismuth-uranium-magnesium stream in extraction 
column 3 to pre-equilibrate the salt with uranium, preventing 
the salt from subsequently removing any significant amount of 
uranium from the reactor fuel. The salt then flows through 
extraction column 1 where fission products are transferred 
from the fuel to the fused salt stream. Finally -che salt 
stream is contacted again with the other bismuth loop in ex­
tractor 2, to recover any uranium that was removed from the 
SALT LOOP JK,Li,Kg CHLORIDES) 
EXTRACTION 
COLUMN 
FUEL • FP INERT 
• F.P CHLORIDES 
EXTRACTION 
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MAKE - UP 
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PURIFICATION 
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Figure 5. Flow sheet of the "buffer process" for removing fission 
products from the reactor fuel of the LMFR 
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Figure 6. Flow sheet of the "stoichiometric process" for removing fission 
products from the reactor fuel of the LMFR 
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reactor fuel plus the uranium which had been preloaded into 
the salt stream in extractor 3. Some fission products also 
are transferred to the bismuth loop in column 2. 
The remaining part of the salt loop consists of hold up 
storage and a salt purification step to remove fission prod­
ucts and any uranium that might be present. The bismuth loop 
is completed by the addition of a magnesium make-up tank to 
adjust the magnesium concentration in the loop, and contactor 
4 to remove fission products that build up in the loop and 
magnesium that remains after the uranium was stripped from 
the salt in extractor 2. 
The "stoichiometric process" illustrated in Figure 6 uses 
three extraction columns. In column 1 the fuel is contacted 
with the salt to transfer fission products to the salt phase 
and bismuth and uranium to the reactor fuel. The salt is then 
pumped to column 2 where it is contacted with a bismuth metal 
phase containing magnesium. Magnesium transfers to the salt, 
forcing all the uranium and some of the fission products into 
the metal phase. This metal phase is then used to preload the 
salt fed to extraction column 1. 
The pre-equilibration of the salt phase is accomplished 
in extraction column 3. During this operation uranium and fis­
sion products in the metal phase transfer to the salt phase 
displacing bismuth from the bismuth chloride. The bismuth 
stream from column 3 flows into an electrolysis unit where it 
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is electrolyzed in the presence of some of the salt phase. In 
this unit the bismuth and magnesium chloride react to produce 
bismuth chloride for the salt phase and magnesium for the 
metal phase. This eliminates adding these materials from 
outside sources. The other two units in this process are the 
uranium chloride and magnesium make-up tanks used to adjust 
the concentrations of these materials. 
A large double loop has been constructed at Brookhaven 
to pilot plant fused salt reprocessing of LMFR fuel. One of 
the loops contains the bismuth-uranium alloy with simulated 
fission products. The other contains the extracting salt. 
These loops are connected by an extractor. The extractors 
under investigation are a disk and doughnut extractor and a 
packed column. This equipment was placed in operation only 
recently and experimental data are not yet available. 
19 
SELECTION OF THE SALT-METAL TEST SYSTEM 
A eutectic mixture of 46 mole per cent potassium chloride 
and 54 mole per cent zinc chloride was used to extract cadmium 
from bismuth. The physical properties of this system are 
given in Table 2 (28, 29, 30, 37). The minimum operating 
Table 2. Physical properties of the salt-metal system 
Component Formula Density Melting Boiling 
weight gm./cc. point, °C. point, °C. 
Salt phase 
Cadmium chloride 
Potassium chloride 
Zinc chloride 
Salt eutectic 
46 mole percent KC1 
54 mole percent ZnCl2 
Metal phase 
Bismuth 
Cadmium 
Zinc 
Metal eutectic 
40 mole percent Cd 
60 mole percent Bi 
temperature for the system was above 271 °C., the melting 
point of the bismuth metal. The maximum temperature at which 
the system could be used was less than 732 °C., the boiling 
point of zinc chloride. 
In general, the temperature limitations for any particu­
lar system must be determined by considering all the materials 
183.32 4.047 568 960 
74.56 1.988 790 1500 
136.29 2.91 283 732 
2.7 228 
209.00 9.8 271 1450 
112.41 8.65 320.9 767 
65.38 7.140 419.4 907 
9.6 140 
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involved. Since the entire system must be in the liquid 
state, a practical minimum operating temperature must be high­
er than the maximum melting point of all phases. The entire 
extraction system must be maintained at an elevated temper­
ature for a period of time. Therefore, the maximum operating 
temperature is controlled by the tendencies of the phases to 
vaporize or decompose. 
Bismuth was a reasonable choice for the metal phase be­
cause its melting point was low and it was stable over a large 
temperature range. Bismuth was also inert with the salt 
phase. The zinc chloride-potassium chloride eutectic was low 
melting and immiscible with bismuth. 
Cadmium was used for the transfer metal for this system 
because theoretical distribution calculations predicted only 
partial extraction of cadmium from the metal phase to the salt 
phase. Calculations were made of free energy changes for 
those reactions that could take place in the system. Only the 
reaction, 
ZnCl2 + Cd Zn + CdCl2 
was feasible. At 350 °C. an equilibrium constant of 0.00266 
was calculated for the above reaction. Calculated equilibrium 
concentrations are shown in Figure 7. Concentrations were 
used in these calculations in place of the rigorous activities. 
Because of the experimental errors in tabulated free energies 
of formation and incomplete data for activity coefficients, 
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Figure 7. Distribution curve for cadmium between molten bismuth and a 
potassium chloride-zinc chloride fused salt, at 350 °C. 
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the use of activities was not considered necessary. 
Also shown in Figure 7 are the experimental distribution 
data for this system. Cadmium favors the metal phase. If 
this were not true, much of the cadmium would have transferred 
to the salt phase in the first stage of the extractor and the 
system would not have been as useful for testing a multistage 
extractor. A description of the procedures used to obtain 
these data is given in the Appendix. 
Since concentrations of the cadmium in the salt and metal 
phases were used to calculate the expected theoretical distri­
bution of cadmium, the theoretical curve might not agree with 
experimental data. If the activity coefficients for the sys­
tem varied + 3 per cent from unity, the possible change in 
the calculated distribution would be greater than 10 per cent. 
In a similar manner small errors in free energy data could 
cause appreciable displacement of the theoretical curve. Be­
cause the analytical accuracy was approximately +_5 per cent, 
the accuracy of the experimental data could have been no 
better. In view of these possible errors the agreement of 
the calculated and experimental equilibrium curves was very 
good. 
Although a salt-metal system may have an ideal tempera­
ture range and distribution of solute, if accurate methods 
are not available to analyze for the solute, the system loses 
its usefulness as a test system. In a similar manner, if the 
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system oxidizes too readily and is difficult to handle it is 
of little use. Manganese, a metal originally tested as a 
solute was rejected for these reasons. 
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DESIGN OF EQUIPMENT 
A number of extractor designs were studied to determine 
their adaptability to fused salt-molten metal extraction. 
Four types of extractors, including the design chosen for 
this work, are shown in Figure 8. Each of the designs has 
advantages and disadvantages which will be discussed. 
In the operation of a spray column, the dispersed metal 
phase is sprayed into the column through nozzles at the top. 
The metal droplets formed settle through the continuous salt 
phase to the bottom of the column, where they coalesce and are 
removed. 
In liquid-liquid extraction the rate at which the solute 
can diffuse to the interface may be controlled by either eddy 
or molecular diffusion. Molecular diffusion as found in 
stagnant fluids is slower than eddy diffusion which occurs in 
turbulent systems. one disadvantage of the spray column is 
that the rate of extraction is controlled largely by molecular 
diffusion. Initially, each metal droplet has a high concen­
tration of solute throughout its volume. As the droplet falls 
through the salt phase, the solute at its surface transfers to 
the salt. This transfer of solute decreases the concentration 
gradient of solute across the salt-metal interface. Since the 
rate of extraction of the solute from the metal is proportion­
al to the concentration gradient, the remaining solute trans­
fers more slowly. 
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Schematic drawings of four types of extractor designs that could 
be used with fused salts and molten metals 
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The solute within the droplet diffuses to the surface to 
replenish the amount that was transferred to the salt. This 
causes an increase in the concentration gradient at the inter­
face and consequently an increase in the extraction rate. At 
this point the rate of extraction becomes controlled by the 
rate of diffusion of the solute to the surface of the droplet. 
Two other problems are significant in considering the 
spray column as a fused salt-molten metal extractor. When a 
liquid metal flows through a piping system it corrodes and 
erodes small amounts of the container material which may plug 
the spray nozzles and impair operation of the extractor. In 
addition, the residence time of the dispersed metal phase in 
the column is short. With the large difference in densities 
of the two liquids, the column might have to be very long for 
the metal droplets to contact the salt for sufficient time to 
allow appreciable solute transfer. 
The packed column design eliminates some of the problems 
encountered in spray columns. The packing increases the time 
the dispersed metal phase remains in the column and produces 
mixing of the two phases. Impingement of the metal phase on 
the packing breaks the metal into small droplets and increases 
internal mixing of the drops, resulting in an increase in the 
rate of extraction and hence in the efficiency of the column. 
Since the packing breaks up the droplets of metal, nozzles are 
not necessary and cannot become plugged. However, the packing 
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in a packed column holds residual amounts of thé salt and 
metal phases even after the column has been drained. This 
makes cleaning of the extractor and removal of the packing 
difficult, since both salt and metal solidify at ambient 
temperature. 
The major advantage of both spray and packed columns in 
high temperature extraction is their mechanical simplicity. 
They contain no moving parts. 
The disk and doughnut extractor consists of round disks 
on a central rotating shaft and stationary, doughnut shaped 
baffles. The motion of the disk creates better mixing, in­
creases retention time of the dispersed phase and permits 
complete drainage of the extractor. If the baffles are built 
up around the edges as shown by the dotted lines in Figure 8, 
there are no areas in which the metal or salt can become 
lodged. The extractor still has one possible disadvantage. 
Once the metal is initially dispersed in the column, no 
mechanical methods are provided to reunite and disperse the 
phase. Because of this, neither the size of the droplets nor 
the internal mixing of the droplets is controlled. It is 
possible that in some systems poor mixing would cause the rate 
of extraction to become controlled by molecular diffusion. 
A modification of the disk and doughnut extractor, also 
shown in Figure 8, was developed in this work to provide re­
peated droplet formation, coalescence, and control of droplet 
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size. The metal phase is introduced into the top distributor 
cup, consisting of an inverted cone with a rim around the top 
and a set of holes at the base of the rim. When the distri­
butor cup is rotated, metal passes through the holes, forms 
droplets, falls in the column and is directed into the next 
distributor cup by a conical baffle. Repetition of this 
process mixes both phases, forms new surface area for mass 
transfer and increases the rate of extraction. 
The size of the holes in the distributor cups determine 
the size of the droplets. If the holes tend to plug, they 
may be replaced with vertical slots and still maintain con­
trol of the droplet size. High speed rotation of the dis­
tributor cups will empty them and thus permit complete drain­
age of the extractor. Since both disk and doughnut type ex­
tractors have moving parts they would be used in extraction 
systems which need high transfer efficiencies. 
In determining which extractor to use, the high effici­
ency and small size of complex extractors must be weighed 
against the simplicity and lack of moving parts of the less 
complicated ones. The more complex extractors are used when 
the distribution of solute in the solvent is poor, a minimum 
of solvent must be used, small equipment is imperative, and 
corrosion due to extreme temperatures is low. 
The extraction equipment, developed in this study, is 
shown in Figure 9. This isometric drawing shows the extractor 
Figure 9. Isometric drawing of the modified disk and doughnut extractor 
and its associated equipment 
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and feed and product tank in position inside a furnace used to 
maintain the entire system at a suitable operating temperature. 
The furnace was 4 feet high and 3 feet square. Figure 10 is a 
photograph of the extraction equipment assembled and ready to 
be placed in the furnace. Photographs in Figures 11a and lib 
are exploded views of the extractor, and the feed and product 
tank. Each of the individual pieces of equipment will be 
described more fully in the following pages. 
Design of Extractor 
The sectioned drawing of the extractor, Figure 12, pre­
sents the internal parts of the unit. The inside of the 
extractor was 2 inches in diameter and 11 inches high. A 
baffle at the top of the column directed the metal phase into 
the first distributor cup. This baffle was an inverted cone 
with the point removed. The cone was split to allow easy 
assembling, and spacers placed above and below a small flange 
attached to the outer rim of the cone were used to hold the 
baffles in place. 
Distributor cups, made from similar cones, were fastened 
to a central rotating shaft by a collar and set screw. A 
1/4-inch lip was welded around the top of the cone and ten 
1/32-inch holes were drilled in the seam between the lip and 
cone. Centrifugal force created by rotating the center shaft 
caused the metal in the cups to be ejected through the holes 
Figure 10. Photograph of the modified disk and doughnut 
extraction equipment assembled 
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Figure lia. Exploded view of the feed and product tank 
Figure lib. Exploded view of the modified disk and 
doughnut extractor 
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in the distributors. At the bottom of the extractor the 
metal was collected outside a conical weir and flowed out of 
the column. The shaft to which the distributors were attached 
was screwed together above and below each distributor cup. 
Thus the individual cups were removed easily and samples for 
analysis were taken from the salt and metal phases left in 
the cup after each run. 
The outlet for the continuous salt phase was placed above 
the metal inlet to reduce the chance of oxidation of the metal. 
Two sealed bearings in the top cover plate and a single bear­
ing at the bottom of the extractor held the rotating shaft. 
Rubber o-rings sealed the shaft to keep the extractor air 
tight. Water, flowing in coils attached to the cover plate, 
cooled both the bearings and the o-ring seals. 
A long, split cylinder held the baffles and baffle 
spacers in place. By the use of a metal ring, the cylinder 
and its contents were attached to the cover plate of the 
extractor and were placed inside the outer casing of the ex­
tractor. The cover plate was then sealed to the extractor 
body by two gold o-rings and six bolts. 
Four probes were placed in the extractor to indicate 
interface levels within the column, one probe was placed in 
the cover plate and extended slightly below the salt outlet. 
This probe was used to indicate whether or not the column was 
filled with salt. An ohmmeter, connected from the probe to 
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the body of the extractor, gave a reading of 4 to 6 ohms when 
the salt shorted across the probe and extractor. The other 
three probes were placed at various levels in the bottom part 
of the extractor, to indicate the position of the salt-metal 
interface. When the salt shorted these probes, a resistance 
of 4 to 6 ohms was read. A similar reading for the metal 
phase was about 1 ohm. The column was operated to maintain 
the interface between the highest and lowest of these probes. 
Feed and Product Tank 
The feed and product tank, shown in Figure 13, was 12 
inches in diameter and 18 inches high. The tank consisted of 
a flanged cylinder divided into four equal quadrants. Each 
quadrant was independently sealed from the others by a gold 
gasket thus permitting different pressures to be placed on 
each tank enclosure. Feed lines that extended to within an 
inch of the bottom were placed in the two feed tanks. Each 
section of the tank was pressurized with helium, Which was used 
to force the salt and metal phases through the feed lines and 
into the extractor. These feed lines were placed inside a 
protective, outer pipe. The flow rates of the feed streams 
were measured by liquid-level probes, which were protected in 
the same manner as the feed lines. The protective pipes per­
mitted the feed lines and liquid-level probes to be inserted 
into the feed tanks after the tanks had been filled with solid 
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phases. 
The diagram in Figure 14 shows the flow measuring appara­
tus. A "hair pin" probe wire extended down into each feed 
tank. Since both salt and metal phases conduct electricity, 
they shorted across the 5 mil tantalum wires and changed the 
resistance of the probe. A 6.6 volt D. C. constant voltage 
supply was connected in series with a 6600 ohm resistor and 
the resistance probe. The 6600 ohm resistor limited current 
in the circuit to about one milliampere. Because the re­
sistance of the probe varied less than 30 ohms, the current 
through the system varied less than 0.5 per cent. 
With a constant current through the probe, the potential 
drop across the probe was directly proportional to its re­
sistance and thus proportional to the liquid level. The rate 
of change of the liquid level was proportional to the flow 
rate of each phase. By recording the voltage drop across the 
probe with a recorder, the slope of this curve indicated the 
flow rate. 
Associated Equipment 
Piping from the extractor to the feed and product tank was 
connected to the cover plate of the tank with Swagelok fit­
tings . A "jack-leg" or weir type overflow, placed in the metal 
product line, maintained the salt-metal interface in the 
column. Valves in the system were of two types, spring 
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loaded, bellows-seal valves (Hoke 440 series) were used first. 
However, upon repeated heating and cooling the springs became 
too weak to open the valves. Ordinary needle valves, packed 
with a mixture of asbestos, talc, and graphite, were used to 
replace the two feed control valves. 
The furnace, supported in an angle iron frame, was made 
of two courses of fire brick separated by an aluminum radia­
tion shield. Calrod heating elements were attached to an as— 
bestos frame and wired with kanthal wire. The temperature of 
the furnace was regulated with a powerstat and an on-off con­
troller. A variable speed drive mounted on the furnace drove 
the extractor shaft. Two helium cylinders and pressure regu­
lators were used to pressurize the feed tanks and fill the 
system with inert gas. A vacuum pump evacuated the system to 
remove oxygen, and off-gases were expelled against a head of 
mercury to maintain a constant positive pressure in the system. 
Operating Procedure 
A process flow sheet for the fused salt extraction unit 
is shown in Figure 15. 
The bismuth phase was removed and saved after each run. 
This metal was replenished with cadmium, then reused in the 
next experimental run. A new salt phase, prepared for each 
run by premelting stoichiometric quantities of zinc and 
potassium chlorides, was charged to the feed tank in the 
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molten state. After the extractor and feed tanks were sealed, 
the unit was placed in the furnace. 
Repeated evacuation and flushing of the system with 
helium swept the equipment free of oxygen. The system was 
then pressurized (about 3 to 4 psig.) to insure that all leaks 
were in an outward direction. Next the equipment was heated 
by the furnace to 350 °C. and held at operating temperature 
for two to three hours before the run was begun. 
After first pressurizing the feed tanks, the stirrer was 
started. A small amount of metal was pumped into the extrac­
tor to form a liquid seal at the bottom of the column. Next 
the extractor was filled with salt. Salt and metal phases 
were pumped through the extractor and the position of the 
salt-metal interface was indicated by the probes in the 
bottom of the extractor. Flow rates were monitored by the 
liquid-level probes in the feed tanks. 1 
The runs were ended before the feed solutions were exhaus­
ted. Flow of both phases was discontinued and the stirrer 
allowed to run for a few seconds to permit the excess metal 
in the column to fall to the bottom. Then the stirrer motor 
was shut off, the extraction equipment removed from the 
furnace, the column drained of salt and metal, and the dis­
tributor cups removed for sampling. Distilled water was used 
to dissolve the salt phases from the distributors and nitric 
acid to dissolve the metal. Weighing the distributor cups 
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before and after each dissolution step gave the weights of the 
metal and salt removed. Analyses were made of these solutions. 
After each run the equipment was cleaned with nitric acid 
and distilled water to remove any salt or metal that did not 
drain from the system. The flange surfaces were checked also, 
and redressed when they showed pitting. 
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RESULTS 
Preliminary Tests 
The first extraction runs made with the fused salt and 
molten metal tested the operating ability of the extraction 
equipment. During these runs the extractor functioned 
properly; however, problems arose with the associated piping, 
tanks, valves, and other equipment. One change indicated by 
these tests was in the type of valves used. The bellows 
section of the bellows-seal valves originally installed was 
attacked by the salt phase. The springs used to open the 
valves lost their strength upon repeated heating and cooling. 
Because the feed valves could not be operated, these valves 
were replaced with ordinary needle valves. A packing made of 
asbestos, talc, and graphite was used around the stem. The 
packing not only sealed against liquids, but was also vacuum 
tight. 
Temperature gradients in the furnace made it difficult to 
keep the phases molten. A jack-leg in the salt inlet line to 
the extractor was removed because it had been placed too close 
to the furnace cover. This caused the salt to solidify. 
Openings in the cover of the furnace were plugged with asbes­
tos tapes to decrease the temperature gradients in the furnace. 
Corrosion was one of the greatest problems. The salt was 
more corrosive than the liquid metal. It attacked the flex­
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ible metal tubing used for the helium lines and also the bel­
lows in the valves. The salt which seemed to pit type 316 
stainless steel, easily penetrated the thin tubing walls. The 
metal attacked the gold gaskets whenever it came in contact 
with them. This was expected, since gold and bismuth form an 
alloy. However, bismuth did not touch the gold under normal 
operating conditions. 
Since the equipment was constructed of stainless steel 
to minimize corrosion and therefore was opaque, probes were 
added at the top and bottom of the extractor to monitor the 
interfaces. This provided better control of the equipment 
during operation. Although the extractor operated at times 
without the probes, it was impossible to tell if the equip­
ment had performed properly until the run was completed and 
the extractor disassembled. These probes indicated that the 
interface was above the metal phase weir at the bottom during 
operation and therefore, both the calming section and weir 
should be higher. 
The gold o-ring seals were effective, especially the 
double seal at the top of the extractor. The large gold gas­
ket used to seal the feed and product tanks was difficult to 
seal, but was quite sufficient once it sealed. The small gold 
o-rings used in the interface probes gave no problems. 
The liquid-level probes functioned properly in the metal 
phase, since the bismuth did not wet the wires. However, the 
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salt phase did wet the wires and caused erroneous resistance 
readings. Although this method worked for recording flow 
rates, it needed improvement. 
Extraction Runs 
Figure 16 is a schematic drawing of a multistage extrac­
tor and the corresponding McCabe-Thiele diagram. Points repre­
senting the concentrations of passing streams in the extractor 
fall on the operating line. The slope of the operating line 
equals the metal to salt phase flow rate ratio. If the flow 
rate ratio of the phases is constant throughout the column, 
the operating line is straight. Point A is the composition of 
the two streams at the top of the column, D at the bottom of 
the column. Points B and C represent interstage concentra­
tions in the extractor. 
If mechanical stage number two in this column were an 
ideal stage (operating at 100 per cent efficiency) the com­
position which would have been found at C is determined by 
following the dotted line in Figure 16 from point B to point 
E. Since the projection of line BC on the horizontal is about 
0.7 of the projection of line BE, stage two is said to be 70 
per cent efficient. A similar method was used to present data 
from the extraction runs. 
Data from the last three extraction runs are presented in 
Table 3. These were the runs for which relatively complete 
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Figure 16. Schematic drawing of a multistage extractor, and the 
corresponding McCabe-Thiele diagram 
Table 3. Summary of data from final extraction runs 
Flow Metal conc. Salt conc. No. of 
Run rate lb.Cd/lb.Bi lb.Cd/lb.Salt theoretical Stage 
No. ratio inlet outlet inlet outlet stages efficiency 
10 1.04 0.05 0.0419 0.00 — 0.5 17 
11 1.17 0.1222 0.1089 0.00 0.0142 1.0 33 
12 0.476 0.1267 0.0921 0.00 0.0136 1.1 37 
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concentration data were obtained. 
The plot in Figure 17 is the data from the first of these 
runs, made with about 5 per cent cadmium concentration in the 
metal phase. In this run analyses were made of the metal 
samples taken from each of the distributor cups and the metal 
product tank. Flow rates of the phases were recorded. The 
concentrations of passing streams at the bottom of the column 
were plotted from the concentration of the metal product and 
the salt feed. By assuming a constant flow rate ratio, a 
straight operating line with a slope equal to the flow rate 
ratio was drawn through the point representing the concentra­
tion of the streams at the bottom of the column. 
Because all the salt was ejected from the distributor 
cups at the end of this run, the concentration of cadmium in 
the metal phase left in each cup was taken as the concentra­
tion during the run. These concentrations were extrapolated 
vertically on the graph to intersect the operating line at 
the estimated compositions of both phases during operation. 
The data plotted show that together, the three mechanical 
stages in the extractor produced about 0.5 theoretical stages, 
or that each stage was about 17 per cent efficient. 
A plot of the data from Run 11, made with about 12 per 
cent cadmium concentration in the metal feed, is shown in 
Figure 18. In this run analyses were made of metal samples 
taken from the feed tank, product tank, and the three 
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distributor cups. Salt samples were taken from the product 
tank and the three distributor cups. Feed and product con­
centrations were plotted and a straight operating line drawn 
between them. The slope of this line agreed within 20 per 
cent of the measured flow rate ratio. 
Since some extraction took place in the distributors 
after the run was stopped and before the metal and salt sam­
ples were removed, the steady-state concentrations in the 
distributors had to be calculated. First the cadmium to 
bismuth ratio was calculated assuming all the cadmium from 
both the salt and metal was in the bismuth phase. Then the 
cadmium concentration in the bismuth phase was determined 
assuming the salt concentration to be 1 per cent cadmium. 
Finally, a dashed line was drawn through these points on the 
graph. The intersection of this line with the operating line 
represented the concentrations of the salt and metal phases 
during the run. 
Each mechanical stage produced about the same degree of 
extraction. Although the data indicated that the column was 
equivalent to about 1.0 theoretical stage the composition at 
the top of the column was within the range of experimental 
error of the equilibrium curve, and the column might have been 
operating at a higher efficiency. The concentrations in the 
top stage would have changed very little even if it had been 
an equilibrium stage. 
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The data from the last run were plotted in Figure 19. 
Similar procedures were used to process these data as were 
used in Figure 18. However, in this run the slope of the 
operating line was about one half of that for the preceding 
run. Under these conditions the extractor was equivalent to 
approximately 1.1 ideal stages. Also, most of the extraction 
took place at the bottom of the column and very little in the 
first two stages. Since the concentration at the top of the 
column was close to equilibrium conditions, it was possible 
that the equipment might again have been operating better 
than the 37 per cent stage efficiency indicated. 
Under more optimum operating conditions much higher ef­
ficiencies could be expected. If the equipment had permitted 
flow rate ratios in the order of 0.1, the slope of the 
operating line would have paralleled closely the equilibrium 
curve, more complete extraction of cadmium could have occur­
red, and most probably the stage efficiencies would have been 
higher. However, this would have required a volumetric flow 
rate ratio of 1 to 33 (metal to salt) and a larger feed tank 
for the salt. Such a tank would have been difficult to in­
stall in the small furnace used to house the extraction unit. 
In addition, the low flow rate of the bismuth would cause 
intermittent or spasmodic metal flows. 
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DISCUSSION 
Equipment 
Construction methods and materials used in the extractor 
were determined to a great extent by the operating temperature 
range of the test system (300 °C. to 500 °C.). A system for 
very high temperatures in the range of 800 °C. to 1000 °C. was 
not used because the corrosion problems would have been so 
severe that they would have overshadowed the extraction 
studies. On the other hand, working with a system at a low 
temperature would not have demonstrated many of the problems 
that arise in high temperature fused salt-molten metal ex­
traction. Most of the construction methods used in the ex­
traction equipment will work at higher temperatures, although 
316 stainless steel, the material used for construction, may 
not. 
Pyrex glass was considered as a possible material for the 
extraction column because it is transparent. However, by 
using a Pyrex column a seal that would hold liquid was neces­
sary at the bottom of the extractor as well as a gas tight 
seal at the top. The elevated temperatures and corrosive 
properties of the salt and metal phases eliminated most of the 
gasket materials. Because the extractor had to withstand heat­
ing and cooling, different coefficients of expansion made it 
difficult to find an effective method of sealing the stainless 
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steel cover plates to the column. Teflon, the only possible 
gasket material, was not recommended for use above 350 °C. 
A stainless steel o-ring gasket, recently developed, 
might permit the use of Pyrex in the future. This o-ring is a 
circular piece of hollow tubing. It may be considered 
analogous to an inner tube. There are three ways in which 
these gaskets are constructed. The o-ring may be vented to 
the inside for pressurized systems, vented to the outside for 
vacuum systems, or pressurized and sealed for either system. 
This gasket, however, may be unsuitable if its wall is too 
thin. It may become pitted by the salt or metal phase, thus 
causing a leak. 
Although the stainless steel had good corrosion resis­
tance and structural strength it had other disadvantages. The 
metal, of course, was not transparent and this caused opera­
tional difficulties. In controlling the operation of an 
extractor the salt metal interface must be kept stationary to 
maintain constant flow of the metal phase out of the column. 
The distributor cups must be watched carefully for correct 
operation if maximum stage efficiency is to be realized. 
Proper instrumentation could be developed to control the 
interface, but actual sight is necessary to detect failure or 
malfunction of the distributor cups. 
A method for measuring flow rates was one of the most 
difficult problems encountered. The salt phase wet the wire 
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probe in the feed tank, changing its resistance and thus 
causing errors in flow rate measurement. Since the wire was 
only 5 mils in diameter, the slightest amount of corrosion 
caused it to break. If the tension on the wire was too great, 
it would snap when the extraction unit was being heated or 
cooled. This was due to variations in the expansion of the 
wire probe and metal frame that held it. If any oxygen were 
present, the metal phase would oxidize and adhere to the 
probe, causing the probe to break or to give inaccurate 
resistance readings. To eliminate most of these problems, 
the probes were wired for each run. 
A means of introducing the feed solutions into the ex­
tractor at constant rates posed another problem. Helium gas 
pressure, controlled by pressure regulators, and needle 
valves were used to pump and control ,the feed solutions for 
the extractor. As the liquid level in the feed tank dropped, 
the helium pressure had to be increased to maintain a constant 
head on the needle valve. Since adjustments in helium pres­
sure could only be made after a change in flow rate was in­
dicated on the recorder, the resulting flow rates were cyclic. 
Extraction Runs 
The original test system investigated for this work used 
manganese in place of cadmium. Manganese, however, was dif­
ficult to work with because it oxidized readily and wet the 
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container materials. This made it very difficult to obtain 
metal phases of known concentration and consequently accurate 
equilibrium data. The expected distribution curve for 
manganese had a much steeper slope than that of the cadmium. 
Therefore, the manganese distribution curve would have more 
closely paralleled the operating lines (ratio of the flow 
rates) that were obtained with the extractor. Consequently, 
the manganese would have been more effective with the flow 
rates that could be obtained in the extraction equipment. Had 
the manganese system been used to test the extractor, much 
higher stage efficiencies might have been obtained. 
The extractor made good use of the solvent in the test 
system employed (cadmium being the transfer metal). In most 
runs the salt leaving the extractor was almost saturated with 
cadmium. In the last extraction run the material in the upper 
half of the extractor was very close to equilibrium, indi­
cating that stage efficiencies well in excess of 35 per cent 
might be obtained under different operating conditions. 
Extraction runs that were made support the theory that 
the actual transfer of the solute across the salt-metal inter­
face takes place rapidly. In the data shown in Figure 4a and 
4b, the rate of transfer of magnesium increases 60 fold with 
the introduction of good agitation and a high surface to 
volume ratio. Complete extraction was usually accomplished in 
h to 1 minute. Therefore, if the runs had not been stirred, 
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complete extraction of the magnesium would have taken place in 
30 to 60 minutes. 
In the experimental runs performed with the modified disk 
and doughnut extractor, the total retention time of the metal 
phase in the column was about 30 seconds. Probably, the metal 
was in droplet form about 15 seconds of this period. Since 
magnesium is much lighter and more reactive than cadmium, it 
was expected that it would transfer more rapidly. However, 
the cadmium concentration almost reached equilibrium within 
30 seconds, which was about the same amount of time as re­
quired by magnesium. This showed that molecular diffusion 
must not have been as important as the eddy diffusion and 
reaction rate at the interface. Because equilibrium condi­
tions were approached so quickly, both the eddy diffusion and 
transfer at the interface must have been rapid. This also 
showed that good mixing and large surface area to volume 
ratios are important in fused salt-molten metal extraction. 
Future Work 
In view of the operating difficulties encountered, the 
most logical expansion of fused salt extraction studies for 
this extractor is in the low temperature field. A salt-metal 
system that has an operating range less than 200 °C. would be 
ideal. This would permit the use of Pyrex glass and Teflon as 
materials of construction. A study of the droplet size, 
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parameters that affect their size, and the effect of droplet 
size on extraction efficiency could be performed. Rotation 
speeds, hole diameters, and metal flow rates are three possi­
ble parameters. 
A complete study of the most effective distributor design 
is very important. Alterations in the angle of inclination 
of the sides changes the metal hold-up in the distributor cup 
and the maximum rotational speed that can be employed without 
emptying the metal phase from the distributors. By increasing 
the angle of the sides of the distributor cups the effective 
path length of a falling droplet can be increased to twice 
the actual height of the column. Spiral ribs placed within 
the distributor cup would help in lifting the metal phase up 
the side of the cup. 
If a good method of sampling were devised, a number of 
further studies could be made. This sampling technique must 
either remove samples while the column is operating or only 
require stopping of the stirrer motor and flow rates for sam­
pling. This would permit studies of the rate of approach to 
steady state and the effect of transients on the system. 
Since many studies of these phenomena have been made on con­
ventional aqueous-organic systems, correlations might be ob­
tained which would permit predictions to be made for fused 
salt extraction systems based on present extraction data. 
Another area for investigation is very high temperature 
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extraction. With the data obtained from low temperature 
investigations the extractor should be developed to operate 
efficiently at temperatures in excess of 1000 °C. These high 
temperatures are necessary for processes which would use 
uranium, thorium or other high melting metals without alloying 
them to form low melting eutectics. With the information from 
corrosion studies that are being made throughout the country 
and future advances in new alloys, high temperature extraction 
studies will be possible. 
However, before valuable extraction data can be obtained, 
improved control methods must be devised. Two important areas 
of work are flow rate measuring devices especially for low 
flow rates and metering pumps. To measure flow rates the 
equipment should be external to the system, such as a mag­
netic flow meter, so that corrosion will not change the cali­
bration curve. The magnetic flow meter is very expensive and 
will not accurately measure flow rates of 0.1 gpm. One 
method that might have promise would be to weigh the feed 
solutions continuously using strain gauges. These gauges are 
commercially available with accuracies of 0.1 per cent or 
better. By continuously weighing a small feed tank, a minute 
change in weight would be recorded. A large reservoir could 
supply two such tanks in parallel. One tank could be used to 
feed the extractor while the other would be filled from the 
reservoir. 
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If a pump were developed that would accurately meter 
fused salts and molten metals, high accuracy would not be 
needed in measuring the flow rates. The pumps developed to 
date are very large, expensive, and applicable to large flow 
rates. None of these pumps have proven successful for con­
stant metering. The best method for use with low flow rates 
is still displacing the liquid from the feed tank with another 
inert fluid. 
The final area of work should be in developing new or 
present methods of interface control for use with fused salt-
molten metal systems. Coupling this with automatic control 
valves aid immeasureably in solving the previously mentioned 
operation problems of high temperature extraction. 
Engineering development of fused salt-molten metal ex­
traction equipment is necessary now and in the immediate fu­
ture to keep pace with the research and development of fused 
salt-molten metal extraction processes. To date the emphasis 
has been placed on developing these processes and the develop­
ment of suitable equipment for them has been neglected. 
Development of this equipment cannot be accomplished in a 
short time, but will take months and probably years. If these 
processes are to be used once they are developed, the equip­
ment for them must be developed now. 
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CONCLUSIONS AND RECOMMENDATIONS 
1. The modified disk and doughnut extractor design operated 
successfully and showed promise as a commercial, high 
temperature unit. 
2. Stage efficiencies of 37 per cent were obtained with the 
equipment, and the possibility of higher efficiencies was 
indicated. 
3. High solute transfer rates were found in the cadmium-
bismuth metal and potassium chloride-zinc chloride salt 
system used to test the extractor. 
4. Analytical methods are difficult and time consuming in 
many fused salt-molten metal systems. 
5. Further studies of the extractor design should be made 
both at lower and higher temperatures. 
6. Two changes that should be made in the extractor design 
are a longer calming section and an improved method of 
sampling. 
7. Studies should be made to improve the following types of 
equipment which are necessary to operate the extraction 
column: flow rate meters, pumps and pumping methods, 
and interface controllers. 
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APPENDIX 
Equilibrium Runs 
Salt preparation 
Zinc and potassium chlorides were dried under heat and 
mixed in a 54:46 mole ratio to form the eutectic composition. 
The salt was then melted and stirred. After cooling, the salt 
was placed in a dessicator and kept free of moisture until 
used. 
Metal preparation 
A weighed amount of bismuth (about 35 grams) was first 
melted under vacuum. Then a weighed amount of cadmium was 
added to the bismuth and melted in a helium atmosphere to form 
a cadmium-bismuth alloy. 
Run procedure 
A weighed amount of the salt eutectic (about 18 grams) 
was placed in a sealed Pyrex tube with the cadmium-bismuth 
alloy. The metal to salt mole ratio was 1:1. The system was 
evacuated and flushed with helium several times, and then 
pressurized with helium. The temperature for all the runs was 
350 °C. and the contact period was about 24 hours to insure an 
equilibrium distribution of the cadmium between the two 
phases. 
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Sample preparation for analyses 
The salt was weighed after the run and dissolved in 
distilled water. After the solution had been diluted to 100 
milliliters in a volumetric flask, it was stored for analysis. 
The metal phase was weighed and dissolved in nitric acid. The 
solution of the metal phase was diluted to 250 milliliters 
with distilled water and nitric acid. This solution was also 
stored until it was analyzed. 
Analytical Procedures 
Reagents 
1. HEDTA (N-hydroxyethl-NjN1 ,N'-ethylenediaminetriacetic 
acid) solutions: 
0.008M (2.5 gm. HEDTA + 0.72 gm. NaOH)/liter 
0.1M (32.5 gm. HEDTA + 9.2 gm. NaOH)/liter 
2. HCL solution: 
2N 163.4 ml, conc. HCL/liter 
3. H2SO4 solution: 
0.7N 19.4 ml. conc. HgSO^/liter 
4. NH4CI solution: 
80 gm. NH^Cl/liter 
5. Elutrient: 
(4 ml. conc. HgSO^ + 50 ml. conc. HI)/liter 
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Metal phase analysis 
About 30 to 40 grams of the metal were dissolved in HNOg 
and diluted to 250 milliliters. 
For the analysis of the combined cadmium and zinc, three, 
5 milliliter aliquots were used. They were diluted with 20 
milliliters of distilled water and the NH4CI solution was 
added slowly with stirring. This was continued until all the 
bismuth had precipitated as BiOCl. One half milliliter of 
pyridine was added and the pH adjusted between 4.0 and 4.5 
with NH4OH and HNO3. After the solution was filtered through 
highly retentive filter paper, 3 milliliters of H2SO4 was 
added to the filtrate. The filtrate was then evaporated to 
dryness on a hotplate. The sulfates formed were dissolved in 
35 milliliters of 0.7 N H2&O4. One milliliter of pyridine was 
then added and the pH adjusted to about 5.8 with NaOH and HNO3. 
The solution was titrated with HEDTA using xylenol orange as 
an indicator. 
The cadmium analysis followed the same procedure for re­
moving the bismuth. After the filtrate had been dried and re-
dissolved with the 0.7 N H2SO4, 5 milliliters of HI were added 
to the solution. The solution was then passed through an ion 
exchange column filled with Dowex 50 cation resin. Cadmium 
ions were washed through the column with three, 15 milliliter 
aliquots of elutrient. The solution that passed through the 
column contained the cadmium and was collected in a 150 
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milliliter beaker. This solution was concentrated on a hot 
plate and HN03 was added to oxidize the iodine. Next the 
solution was heated until all the iodine had been driven off, 
and the pH of the solution was adjusted to 5.8 with NaOh and 
HNO3 using pyridine as a buffer. The cadmium was titrated 
with HEDTA using xylenol orange as the indicator. 
Zinc in the original solution was held on the resin in 
the ion exchange column. After the cadmium had been removed 
from the ion exchange column the zinc was eluted from the 
column with 80 milliliters of 2 N HC1. Next the column was 
washed with 50 milliliters of distilled water, thus prepar­
ing the column for another sample. The solution containing 
the zinc was treated in the same manner as the cadmium solu­
tion to remove the iodine, and titrate for zinc. 
Salt analysis 
About 20 grams of salt were dissolved in distilled water 
and HNO3. The solution was diluted to 100 milliliters and 
5 milliliter aliquots were used for the analysis. Three 
milliliters of H2SO4 were added and the solutions were evapor­
ated to dryness. The precipitated sulfates were redissolved 
with 25 milliliters of 0.7 N H2SO4 and 5 milliliters of HI 
were added. The solution was passed through the ion exchange 
column and the cadmium was washed through with four, 15 milli-
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liter portions of elutrient. The rest of the cadmium pro­
cedure for the salt follows the procedure used for the metal 
phase. 
